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the green rod may be a residual twig low on the ancient
branch leading from cones to rods. This latter hypothe-
sis might lead, through work with microarrays, to
searches for genes expressed in the rods, green rods,
and S cones of various species that would further con-
firm the link. That “rhodopsin kinase” (GRK1), for exam-
ple, is expressed in murine S cones and is essential for
their inactivation (Lyubarsky et al., 2000) suggests that
rods and S cones share an ancient link. A further sugges-
tion of such linkage, one with a Haeckelian twist, is
the recent findings that rods fail to differentiate in mice
lacking the neural retinal leucine zipper protein (NRL),
and the population of photoreceptors in these mice is
strongly enriched in S cones and in rod-like cells ex-
pressing S cone proteins (Mears et al., 2001). Thus, NRL
expression appears to act as a switch for rod differentia-
tion from precursor cells that are multipotent to form S
cones or rods, but the S cone gene expression pattern
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In the dark, these cells have a circulating current, which flows into
the outer segment through cyclic GMP-activated channels and out
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mechanisms underlying the functional differences in
rods and cones, and salamander S cones and green
rods provide a valuable preparation in which to address
them experimentally.
The emerging story of the green rod and S cone raises Glutamate and GABA:
further issues about the evolution of rods and cones. It A Painful Combination
is thought that rods evolved from cone-like photorecep-
tors and that rhodopsins may have evolved (perhaps
more than once) from SWS2 cone pigments (Yokoyama
and Yokoyama, 2000). The common expression of Regulation of release of inhibitory neurotransmitter is
a key element of plasticity in dorsal horn function.SWS2-P432 in S cones and green rods suggests that
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In this issue of Neuron, Kerchner et al. report that
neurotransmitter release from inhibitory dorsal horn
neurons is affected by activation of presynaptic kai-
nate-type glutamate receptors.
The superficial dorsal horn is the site of first contact
between peripheral sensory fibers sensitive to noxious
stimuli and the central nervous system. These sensory
fibers, or nociceptors, are thinly myelinated or unmyelin-
ated high-threshold A and C fibers that release gluta-
mate as the major fast excitatory transmitter with which
they excite their postsynaptic partners (Schneider and
Perl, 1988). The afferents synapse with dorsal horn neu-
rons that include excitatory projection neurons as well
as inhibitory and excitatory interneurons. Intrinsic inhibi-
tory neurons are heterogeneous in their morphological
and functional connections with other dorsal horn neu-
Activation of Kainate Receptors Indirectly Depresses GABA Releaserons. Their role is to help mold signaling in the dorsal
from Dorsal Horn Neuronshorn, modulating receptive fields and sensitivity to spe-
Glutamate activates a presynaptic kainate receptor (KAR) causingcific external stimuli. Thus, regulation of release of inhibi-
enhanced action potential-independent GABA release by depolar-
tory neurotransmitter is a key element of the plasticity ization-induced opening of voltage-gated Ca2 channels (VGCC).
in dorsal horn function. The GABA binds to postsynaptic GABAA receptors as well as presyn-
While the dorsal horn is awash in a wide array of aptic GABAB receptors. The action on presynaptic GABAB receptors
depresses action potential-dependent GABA release.neuromodulators and neurotransmitters released by af-
ferents, interneurons, and descending efferent axons,
glutamate is the dominant fast excitatory transmitter,
and the inhibitory amino acids GABA and glycine are (2001) (in this issue of Neuron) now show that kainate
receptor activation strongly enhances the frequency ofthe dominant fast inhibitory transmitters. Glutamatergic
signaling in the nervous system is mediated by iono- mIPSCs in dorsal horn neurons and depresses evoked
GABA and glycine release between pairs of dorsal horntropic and metabotropic glutamate receptors located
on both the pre- and postsynaptic elements. In the iono- neurons.
Their findings suggest the following sequence oftropic receptor family, AMPA and NMDA receptors are
major postsynaptic elements, while kainate receptors events (see Figure). Activation of kainate receptors on
inhibitory nerve terminals allows Na entry, with subse-generally influence synaptic transmission most power-
fully from presynaptic sites. The converse of this gener- quent depolarization of the terminals. Depolarization
causes opening of voltage-gated calcium channels thatalization is also true, however, with evidence for presyn-
aptic AMPA and NMDA receptors and postsynaptic in turn permits entry of Ca2 into the terminals. Vesicles
full of GABA (and glycine) are released at an elevatedkainate receptors (MacDermott et al., 1999). Similarly,
GABA has ionotropic and metabotropic receptors that frequency until the intracellular Ca2 concentration re-
covers to near resting level.are found on both pre- and postsynaptic elements. In
the superficial dorsal horn, GABA is released alone or How then does kainate cause depression of action
potential-evoked release of inhibitory neurotransmitter?together with glycine, ATP, or other neuromodulators
(Todd and Spike, 1993; Robertson et al., 2001). At sites The authors show that the effect of kainate on evoked
release of GABA and glycine is prevented by the GABABwhere GABA and glycine are coreleased, receptors at
the apposing postsynaptic membrane can include only antagonist CPG55845 and occluded by the GABAB ago-
nist baclofen. This leads to the proposal that increasesGABAA or only glycine receptors or both receptors to-
gether. GABA feeds back onto GABAB receptors, and in spontaneously released GABA trigger the depression
of evoked release through activation of GABAB autore-ATP may feed back onto P2X receptors at these inhibi-
tory synapses, indicating that they function as autore- ceptors (see Figure). Consistent with this model is the
observation that baclofen and CPG55845 do not affectceptors for modulation of release (Chery and De Kon-
inck, 2000; Robertson et al., 2001). the kainate-induced increase in mIPSC frequency.
There are likely to be multiple mechanisms that driveKainate receptors have received much attention re-
cently as being powerful modulators of transmitter re- GABAergic feedback resulting in depression of inhibitory
transmitter release in the dorsal horn. Action potential-lease at both excitatory and inhibitory synapses. One
informative test of presynaptic receptor location and dependent GABA release is one source of synaptic GABA
for feedback inhibition of GABA and glycine releasefunction is the impact receptor activation has on the
frequency of action potential-independent transmitter through GABAB receptor activation (Chery and De Kon-
inck, 2000; Lerma et al., 2001). The frequency of mIPSCsrelease. The observed effect of presynaptic kainate re-
ceptor activation on the frequency of action potential- recorded from the superficial dorsal horn of adult rat
spinal cord slices is fairly high, on the order of 11 Hz atindependent release of GABA (mIPSCs) elsewhere in the
nervous system has been quite variable, with increases, 36C (Iyadomi et al., 2000), and thus could also provide
sufficient GABA to tonically modulate evoked releasedecreases, and no change being reported (Lerma et al.,
2001). Using a culture model system, Kerchner et al. of GABA through feedback onto presynaptic GABAB re-
Neuron
378
ceptors. In this context, kainate receptors provide a Columbia University
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GABA-mediated inhibition of evoked GABA release un-
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tude. The amplitude of the IPSC was depressed follow-
ing the conditioning train, an effect that was prevented
by the GABAB receptor antagonist CPG55845 and a non-
NMDA receptor antagonist, CNQX, consistent with the
model proposed from the in vitro studies. It will be inter- Neural Mechanisms for theesting to find out where these primary afferents, stimu-
lated with low-intensity stimuli, make their synaptic con- Generation of Visual
nections in the spinal cord and whether they are the Complex Cells
immediate source of glutamate that depresses evoked
IPSC amplitude.
Identifying the source of glutamate that initiates kai-
nate receptor-mediated suppression of inhibitory syn- In 1962, Hubel and Wiesel reported what they later
aptic transmission in the dorsal horn is likely to depend described as “the first description of a clear function
heavily on finding the inhibitory neurons involved and for the cerebral cortex, in terms of clear differences
determining how they are morphologically connected to between input and output” (Hubel and Wiesel, 1998).
a source of glutamate. In both lamina I and II of the Martinez and Alonso (2001 [this issue of Neuron]) now
superficial dorsal horn, inhibitory interneurons make up provide evidence for the hierarchical neural circuit that
about 30% of the heterogeneous neuronal populations Hubel and Wiesel proposed to explain the cortical
(Todd and Sullivan, 1990). In this tiny region of the central transformation from simple to complex cells.
nervous system, the inhibitory interneuron subpopula-
tions and the ways in which they interconnect with other
Do our brains work well enough to allow us to figure outneurons are impressively diverse. Of course, inhibitory
how they work? Most neuroscientists would probablyneurons receive primary afferent input and form conven-
agree that they do. Studies of the visual cortex by Davidtional axo-dendritic and axo-somatic connections with
Hubel and Torsten Wiesel have been among the mostinhibitory and excitatory neurons in the superficial dorsal
influential in giving scientists hope that the brain is inhorn. However, many inhibitory neurons also have clus-
fact smart enough to understand itself. A technicallyters of vesicles and synaptic specializations along their
impressive set of experiments described by Martinezdendrites and form dendro-dendritic connections (Spike
and Alonso in this issue of Neuron (2001) bring us closerand Todd, 1992). In addition, they form axo-axonic and
to understanding one of the classic questions raised bydendro-axonic connections with primary afferent nerve
the work of Hubel and Wiesel: how are the visual re-terminals at specialized endings called “glomeruli,”
ceptive fields of complex cells constructed?many of which are likely to be nociceptive (Todd, 1996).
This question arises from Hubel and Wiesel’s discov-It remains to be determined if these varied inhibitory
ery that neurons in the visual cortex respond preferen-synapse types have common mechanisms to control
tially to oriented visual stimuli (Hubel and Wiesel, 1962),release. Clearly, as our understanding of regulation of
rather than to the circular stimuli that are best at activat-inhibition in the superficial dorsal horn improves, so
ing neurons in earlier parts of the visual pathway, includ-will our ability to control nociceptive signaling and the
ing the retina and the lateral geniculate nucleus (LGN),associated perceived pain.
which relays the retinal signals to visual cortex. Hubel
and Wiesel envisioned a relatively straightforward sce-Amy B. MacDermott
nario whereby LGN neurons with the appropriate align-Department of Physiology and Cellular Biophysics
Center for Neurobiology and Behavior ment of circular receptive fields might converge onto a
